This study investigates the comparative effect of mono-protonic acids and heat on the polymerisation mechanism of furfuryl alcohol and its resultant molecular weight, morphological and thermal degradation properties. The different acids and heat catalysed polymerisation systems resulted in different molecular weight distributions and morphologies, suggesting that different reaction conditions potentially follow different polymerization mechanisms. This was supported by visual inspection, FTIR and by the resultant broadness of the bulk polymer chains as described by chromatography and thermal analysis techniques.
Introduction

Background on Furfuryl Alcohol, FA
Furfuryl Alcohol (FA) is a bio-based monomer derived from furfural which is produced from readily replenishable lignocellulosic agricultural residues such as corn-cobs, wood products, cotton seed hulls, oats husks, rice husks, and sugarcane bagasse [1] [2] [3] [4] . Some of its common characteristics include being soluble in water and organic solvents; being transparent, bitter tasting, and easily turns from light yellow to brown when exposed to air. It is widely regarded as one of the most important classes of chemicals that are derived from furfural as can be seen in Fig. 1 [4] .
The commercial production of furfuryl alcohol from furfural is commonly via a selective catalytic hydrogenation of the heterocyclic ring of furfuryl which can be performed in gaseous or liquid phases [1, 5, 6] . According to recent literature, catalysts that are deemed appropriate for this process are generally limited to Cu-based systems because of their ability to avoid rapid deactivation and have better selectivity and good yield [1, [7] [8] [9] [10] [11] . Over 60% of furfuryl alcohol produced industrially find application as resins (polymers or and/or oligomers), which alone or with co-reactant exhibit interesting characteristics such as thermal stability at high temperatures, as well as good chemical and solvent resistance [12] [13] [14] [15] [16] . Furfuryl alcohol is also used as a hypergolic propellant for rocket engines due to its ability to ignite with red fuming nitric acid as oxidiser. When blended in appropriate proportions with ethylidene norbornene, carene and norbornadiene, it exhibits synergistic-hypergolic ignition with further decrease in ignition delay preventing the need for separate igniters [16] .
Polymerisation of Furfuryl Alcohol
Polymerisation of furfuryl alcohol was reported to follow a condensation/addition polymerisation process, which is carried-out in an aqueous phase in the presence of acidcatalyst medium such as p-toluene sulfonic acid (PTSA), under mechanical stirring for 30 min at temperatures ranging between 45 and 50 °C [15] . However, the reaction as shown in Scheme 1 results only in linear structures and does not explain the highly coloured and cross-linked material obtained when polyfurfuryl alcohol is fully polymerized. Several authors attributed this to the development of intraand/or inter-chain conjugation as shown in Scheme 2 [2, 3, 14, 15, 18] .
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In a study by Pummerer et al. [18] , a differing mechanistic process was proposed. The authors suggested that step-growth polymerisation via the cationic active species with repeating units linked by the methylene bridge, was the predominant reaction pathway of forming polyfurfuryl alcohol (PFA). The resultant chemical structure is shown in Fig. 2 [14, [18] [19] [20] [21] . However, this proposed structure does not explain crosslinking that is often associated with the resin.
It is well known that the polymer chain length, and hence its ultimate properties, can be affected by several factors, including temperature and catalysts. In the polymerisation of FA, the initial stages yield a resinous oligomeric compound commonly known as furanic resin (FA resin) and/ or prepolymers of polyfurfuryl alcohol (PFA); which on application of heat or other curing agents form a black, hard and complex-thermoset with interesting properties [1, 15, 18, 21, 22] . Several researchers attributed this phenomenon to the possibility of multiple reactions taking place simultaneously from the initiation process to termination [8] [9] [10] [11] . For example, Hachihama and Shono [21] isolated PFA resins which they confirmed to consist of a combination of species such as 2-oxymethyl-5-furfuryl furan, 2-oxymethyl-5-(5ˊ-furfuryl)-furfuryl furan, di-furyl ether, di-2-furylmethane, formaldehyde, and levulinic acid. Also, Barr and Wallon [22] isolated twelve compounds from the freshly polymerised FA resin. These findings confirm the complex nature of the mechanism of furfuryl alcohol polymerisation. Nonetheless, several authors have reported that at early stages of furfuryl alcohol resinification, intermolecular dehydration predominates whereby the active α-hydrogen atom of another monomer attacks the hydroxyl group of one monomer, eliminating water in the process [14, 19, [23] [24] [25] . Kim et al. [26] reported that the formation of a conjugated diene structure was preferred over a diketone structure in the acid catalysed furfural alcohol polymerization reaction. The effect of the type of acid-catalyst on this process has not been fully explored; hence, this study seeks to explore how mono-protonic acids affect the chemistry behind the formation of PFA and its resultant properties.
Materials and Methods
Chemicals and reagents used in this study were purchased from Sigma Aldrich and Merck; they were used without any further purification. Aliquots and concentrations of acids used are as follows: nitric acid (25 μL; 16 M), hydrochloric acid (25 µL; 12 M) and hydrobromic acid (25 µL; 9 M). Reagents used are 0.1 M of sodium hydroxide solution, toluene, Silica gel 60 F 254 coated aluminium and tetrahydrofuran.
Furfuryl alcohol monomer was dried under molecular sieves for 48-h before use.
Polymerisation Procedures
Synthesis of Polyfurfuryl Alcohol Resins Using
Mono-Protonic Acids FA monomer (20 mL) was reacted with individual acids in separate beakers under constant stirring with a magnetic bar.
Immediately after contact, a dark green colour, accompanied by soft hissing and fuming, was observed. After about 8-12 h of reaction time, the viscosities of the mixtures became so high that the magnetic stirrer could no longer stir. Work-up was done using 0.1 M of sodium hydroxide solution in 30 mL of distilled water to wash the reaction product several times to remove as much as possible the unreacted monomers and traces of acid-catalysts. Thereafter, a black resin was isolated, dried with a filter paper and collected for analysis.
Synthesis of Polyfurfuryl Alcohol Resins Using Heat (With No Acid)
The FA monomer was prior tested for acidity with a litmus paper and was confirmed to have a pH of 6. The dried monomer (20 mL) was refluxed in bone-dry toluene for 72 h at 190-200 °C under intense stirring; after which a dark brownish resinous material was observed. The condensates were collected in the Dean-Stark apparatus as shown in Fig. 3 . Unreacted monomer was washed off using water and a separating funnel. Toluene was removed via rota-vacuum system; after which the collected dark-brown resinous material was further heated at 170 °C in open air to boil-off any unreacted monomer, trapped moisture and possibly convert further to oligomeric chains.
Thin Layer Chromatography (TLC)
Reaction progress of crude products was investigated by thin Layer chromatography using Merck Silica gel 60 F 254 coated aluminium 5 cm × 7.5 cm sheets.
Scheme 2 Suggested intra-and/or inter-chain conjugation developed via hydride abstraction 
Fourier Transform Infra-Red Spectroscopy (FTIR)
Fourier Transform Infra-Red spectroscopy analysis was conducted on a Perkin-Elmer FT-IR 180 spectrometer fitted with a diamond crystal. Data was processed using Opus software.
Thermogravimetric Analysis (TGA)
A Hi-Resolution TA Instruments Discovery Series TGA was employed for thermal degradation studies. Samples were heated from ambient temperature to 600 °C at 5 °C/ min under nitrogen gas flowing at 50 mL/min. Data was processed using the Universal Analysis software.
Size Exclusion Chromatography (SEC)
Size exclusion chromatography was determined using a GPC 2006 (Breeze) software on an online-coupled Waters 2487 (Dual λ Absorbance Detector, In-line degasser, 1515 Isocratic HPLC pump, 410 Differential Refractometer, 717-plus auto sampler with RI, and UV at 254 and 270 nm, respectively) using tetrahydrofuran as carrier solvent.
Scanning Electron Microscopy (SEM)
Scanning electron microscopy images were obtained using a FEI Nova Nano SEM-230, with field emission gun and FEI software for image analysis.
Results and Discussions
Molecular Weight and the Effect of Storage Conditions
To confirm that the viscous resins obtained are indeed polyfurfuryl alcohol (PFA) polymers, and if storage conditions of the product can affect its properties; Size Exclusion Chromatography was employed and a summary of results is shown in Table 1 . Hydrochloric acid was chosen as a representative of the acid-catalysed process and was compared to heat catalysed systems. By virtue of high molecular weights, it can be confirmed that the products formed are indeed polymers. However, the polyfurfuryl alcohol resins synthesised using heat showed high average molecular weights and PDI. This indicates that a broad molecular weight distribution dominates the polymer systems, implying a very significant increase in heterogeneity when compared to acid-catalysed resins.
A relatively higher molecular weight was observed for acid-catalysed samples stored in a basic solution. However, when a sample of the freshly synthesised PFA was stored in water, the PDI increased significantly indicating a relatively more heterogeneous polymer system. This strongly suggests that the method/medium of storing freshly synthesized furfuryl alcohol resin/polymer affects the molecular weight of the polymer.
Mechanistic Gradual Colour Change of Furfuryl Alcohol
The resinification of furfuryl alcohol was studied via the gradual mechanistic colour-change to observe the relationship between colour change and the mechanism of polymerisation as it has been argued that colour-build up is an inherent phenomena in the mechanism of polymerisation [27] . About 20 mL of FA was placed in three different vials labelled A, B and C (Fig. 4 ). These were then exposed to different reaction conditions as follows: vial A contained FA, pre-heated gently for 10 min from 0 to 60 °C; vial B contained FA and 5 mL of acetic acid, with no heating; vial C contained FA only and was exposed to sunlight. These were monitored over time and after about 9 weeks, it was observed that the colour of contents in all vials changed from colourless to orange, with vial A showing relatively greater colour intensity. Dunlop et al. Fig. 3 The reflux system coupled with a Dean-Stark apparatus [17] suggested that this could be due to the initial in situ intermolecular dehydration of FA, leading to gradual self-condensation polymerisation of the monomer, which proceeds slowly but accelerated by increased temperature and/or addition of strong acids. Choura et al. [25] attributed the intensified colour build-up in FA during resinification or polymerisation to the highly delocalised chromogenic structural sequence that occurs via the successive hydride ions and at the methylene moieties linking the furanic chain system.
Spectroscopic Study of Acid and Heat Catalysed Polymerisation of Polyfurfuryl Alcohol Resins
The FTIR spectra of the freshly synthesised furfuryl alcohol resins, using different acids and heat as catalysts, are given in Fig. 5 . The weak peak at about 1790 cm −1 is exclusive to HNO 3 -catalysed PFA resin and may be assigned to carbonylasymmetric stretching due to oxidation because HNO 3 is a well-known strong oxidising agent [13, 18, 28, 29] . The band observed at about 1709 cm −1 for HBr and HCl-catalysed PFA systems is characteristic of C=O ketonic overtone stretching. For HNO 3 and Heat-catalysed systems, this ketonic overtone was observed in the range 1758-1712 cm −1 [13, 18, 30] . The pronounced splitting of the ketonic carbonyl, C = O, peak shift in the range 1755-1716 cm −1 for the Heat-catalysed PFA is indicative of molecular structure dependency on temperature. The observed reduction of the -OH broad band in the spectrum of HNO 3 -catalysed PFA is indicative of potentially higher dehydration occurring compared to other acid induced polymerisations. It can therefore be safely posited that with the application of heat, or the use of an oxidising agent (such as nitric acid), there would be more carbonyl groups formation and therefore less furanic moieties will form in the polyfurfuryl alcohol resin backbone than in the halogenated acid systems of HCl and HBr [31] . This means polyfurfuryl alcohol resins prepared with halogenated or non-oxidising/protonic acids such as HBr and HCl at room temperature would be more furanic in character than those prepared with the same acid condition but at higher temperatures [32] .
It is well known that the chemistry of furfuryl alcohol resinification is complex [13, 18, 29] . This complexity can be attributed to the presence of two or more functional groups (resulting from the furanic ring cleavage) existing in polyfurfuryl alcohol resin which leads to a significant difference in observed chemical reactions when compared to analogous mono-functional compounds or groups [33] . For example, a functional group such as the observed carbonyl group may influence the course of reaction of other functional groups such as carboxylic group or even prevent it from reacting depending on the reaction conditions [33] [34] [35] [36] . Subsequently, in step-growth polymerisation reactions, further conversion depends on the monomer functionality being carried-over to the activity of the oligomeric functional groups; thus extending the concept of functionality and reactivity from monomer to oligomer. This infers that a bi-functional monomer may transit into a -tri, -tetra or more functional system in the oligomeric stage during the same polymerisation process [37, 38] . Hence, it is suggested that the characteristics and reactive nature of oligomeric furfuryl alcohol resins is dependent on the predominant functional group in its chain. Subsequently, it is inferred that, since Lewis acids are protonic [33, 39] , they would favour a furfuryl alcohol polymer resin with a backbone-chain that is more furanic (with no heat application) as against the oxidising acids or heat catalysed furfuryl alcohol resin. It is therefore suggested that the scission or opening of furanic rings is dependent on the conditions of the reaction system.
Conley et al. [38] strongly suggested the possibility that during thermal resinification of furfuryl alcohol certain lactone species are formed. Furthermore, they posited that levulinic acid and ketonic species are always present at certain stages of furfuryl alcohol resinification, even in the main polymer chain, irrespective of the polymerisation condition or type of catalyst used. This lends credence to the postulation that ring scission occurs at certain stages during the resinification of furfuryl alcohol but is more pronounced when heat or oxidative conditions are employed. Therefore, the functional groups formed (levulinic acid and ketonic species) are the culprits responsible for the complexity in the reaction behaviours of polyfurfuryl alcohol resins as can be seen in the suggested mechanisms in Schemes 3 and 4, [13] .
Surface Morphologies of PFA Prepared Using Different Acids and Heat as Catalysts
It is well-known that the morphology of polymers can be influenced by polymerisation conditions [39] [40] [41] . This is clearly demonstrated by SEM micrographs of PFA resins catalysed with different acids and heat as shown in Fig. 6 .
It can be seen that the HBr-catalysed resin shows "spongelike" topology, indicating that the resin is not compact. However, the micrograph of HCl-catalysed resin indicates a rather more compact "sheet-like" layer-on-layer topology. Almost similar topology was observed for HNO 3 -catalysed resins, where a "sheet-like" surface was also observed but with continual depressions and different smoothness. The micrographs of the heat-catalysed resin, on the other hand, shows "sponge blobs" agglomerates. This means the morphologies of the resins are uniquely different from each other; suggesting that the mechanism of polymerisation of furfuryl alcohol is peculiar to the type of catalyst and polymerisation conditions.
Thermal Degradation Behaviour of PFA Prepared Using Different Acids and Heat as Catalysts
The thermogravimetric and derivative thermogravimetric (TG/DTG) thermograms of the freshly synthesised heatand acid-catalysed PFA resins are shown in Fig. 7 . It can be seen that the loss of volatiles (~ 20%) occurred at about 110 °C for the heat-catalysed samples, which Conley et al. [37] attributed to the decrease of the hydroxyl content of the polymer. Thereafter the polymer is observed to be degrading in three distinctive stages, losing about 50% of the total weight, until temperature reaches 414 °C. Beyond this temperature, a small and gradual degradation step typical of carbonaceous material is observed. The degradation pattern observed indicates that the heat-catalysed resin undergoes a multistep kinetic transition before carbonising. This observation is in agreement with the broad PDI ( Table 1) , typical of wide molecular weight distribution because of varying chain lengths. Guigo et al. [42] reported similar observations. Figure 7 shows the TG/DTG thermogram of the HBr acid-catalysed PFA resin. The thermal behaviour observed in the heat-catalysed system (Fig. 6) is closely similar to that of HBr-catalysed (Fig. 7) . However, the multistep degradation pattern observed is less defined. The loss of volatile (17%) at 90 °C is indicative of a decrease in hydroxyl content [40] .
It can also be seen in Fig. 7 that the HCl-catalysed PFA degrades in multiple stages, to a total of about 52% weight loss; followed by carbonisation at about 417 °C. The observed residue content is higher than that observed for the heat-catalysed PFA resin probably due to a narrower molecular weight distribution. Furthermore, the HNO 3 acid-catalysed PFA also thermally degrades in multiple stages, with a total weight loss of 50% and the carbonisation setting-in at about 405 °C. Nonetheless, the heat catalysed PFA resin showed a clear and distinct degradation pattern; suggesting an uninterrupted multistep kinetic transition. In addition, it can be seen that the heat and HNO 3 catalysed
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Heat/Oxidising agent Scheme 3 The probable mechanism that favours less furanic backbone in the polyfurfuryl alcohol resin Scheme 4 The probable mechanism which favours increased furanic backbone in the polyfurfuryl alcohol resin resins show distinctive patterns while the halogenated acids (HCl and HBr) show consistency in their thermal behaviour. This could be attributed to potentially different polymerization routes/mechanisms that the different media afford to the reaction.
Conclusions
It was demonstrated that the heat catalysed polyfurfuryl alcohol polymer resin yielded a higher molecular weight compared to the acid-catalysed systems and that the acidcatalysed polymerisation of furfuryl alcohol monomer to polyfurfuryl alcohol resin using hydrochloric acid yielded a better polydispersed system. The study also demonstrated that the storage of polyfurfuryl alcohol resin in the presence of water and basic solutions affects its resultant molecular weight, and hence its chemical and physical properties.
Although the acid and heat catalysed polymerisation routes did not follow the same reaction pathway as heat, it (heat catalysed system) however favoured higher furanring scission. Moreover, it was shown that the heat catalysed polyfurfuryl alcohol resins yielded higher molecular weight polymers due to the higher polar groups which promoted higher chain packing. It is suggested that the complexity of the formation of furfuryl alcohol resins is due to the multifunctional groups formed by the scission of the furanic ring. It is evident from the results that the heat catalysed polyfurfuryl alcohol resin/polymer undergoes a multistep kinetic transition before carbonisation. It was also demonstrated that the halogenated acid systems showed a consistent thermal This study brings strong supporting evidence that the control over the catalyzed polymerization of furfuryl alcohol and other bio-based monomers is of major importance in the development of furfural based products and related technologies.
